The morphology and function of peripheral motor nerves of W B N / K o b rats of the newly identified strain with late onset and long-lasting diabetes were studied in comparison with those of nondiabetic agematched rats. The most conspicuous and frequent change seen by electron microscopy in the diabetic rats was myelinopathy, initiated by vesicle formation in granular material accumulated in the myelin lamella. Initial changes developed into myelin blebbing or distention, demyelination and remyelination. A decreased population of nerve fibers in diabetic rats of advanced age suggested that the final stage of these changes was neuronal loss resulting from complete destruction of the neurons. The myelinopathy was consistently more frequent and conspicuous in diabetic rats than in age-matched nondiabetic rats, but the difference was not significant in rats of over 28 months old, because of the age-dependent increase of the change in older rats. The conduction velocity was significantly less in diabetic rats than in age-matched nondiabetic animals at 20 months but not at 28 months of age, because at the older age nondiabetic rats also showed a reduced conduction velocity. These findings showed that male W B N / K o b rats develop diabetic motor neuropathy, but that the essential changes in diabetic neuropathy are indistinguishable morphologically and functionally from those in agedependent neuropathy.
commonest change is reported to be demyelination and neuronal loss [5, 7, 23, 32, 37] . On the other hand, dysfunction of autonomic and sensory nerves gives rise to main clinical features in diabetic patients [6, 12] . Therefore, much attention has also been paid to motor and autonomic neuropathy in experimental animals [25, 26, 38] . In diabetic animal models the change of the myelin sheath is less than that of the axon and is thought to be secondary to axonopathy [11, 28, 30] . Myelinopathy of peripheral motor nerves is much less in animals with chemically induced experimental diabetes than it is in human cases [17, 20, 21] . This milder motor neuropathy in animals seems to be due to the shorter duration of the diabetic condition and the younger age of the animals because in diabetic patients peripheral motor neuropathy is more frequent in older subjects. Thus, it should be usefull to study diabetic motor neuropathy in old animals. Recently, we identified a new diabetic rat strain, WBN/Kob, in which almost all male animals develop severe, persistent diabetes. Some of these animals survive to a very old age of over 30 months without any treatment of their diabetic condition. This report describes the changes in morphology and function of peripheral motor nerves of rats of this strain at various ages, including very old rats.
Materials and methods

Animals
All male rats of the WBN/Kob strain begin to show diabetic symptoms such as glucosuria, polydipsia and polyuria from about 12 months of age. Most males develop cataract and gradually become emaciatied in association with a high blood glucose level of more than 400 rag/100 ml. Many animals die or become moribund by 24 months of age due to infection of the urinary tract or spontaneous tumors. Those that survive more than 24 months show relatively low blood sugar levels of less than 200 mg/100 ml after initial high glucose levels, but their serum levels of lipids such as total cholesterol (Tcho), triglycerides (TG) 53 or phospholipid (PL) remain high (Tcho: 200--700 rag/100 ml, TG: 500-4700 rag/100 ml, PL: 350-970 mg/100 ml), indicating the diabetic condition. Detailed studies of the serum chemistry of WBN/Kob rats have been reported elsewhere [13, 14] .
Fifty male WBN/Kob rats were obtained from Shizuoka Laboratory Animal Center (Shizuoka, Japan) at 5 weeks of age. They were housed in individual aluminum cages with wood-chip bedding in an animal room at 24~ _+ I~ with 50% _+ 10% relative humidity and a 12-h/12-h light/dark cycle. Rats were given pellet diet and chlorinated water ad libitum. In addition, ten male and five female WBN/Kob rats were kept in the same conditions for measurement of their conduction velocity. Moribund or severely emaciated animals were excluded from studies on aged animals.
The nondiabetic controls used were age-matched male rats of two strains (Sprague-Dawley and F344) and female WBN/ Kob rats, kept in the same conditions.
Tissue sampling
All animals were killed by exsanguination from the abdominal aorta and infused with 2% phosphate-buffered glutaraldehyde under deep ether anesthesia. The ischiadic and tibial nerves of both hindlegs were exposed for their full length by removing the overlying muscle and skin. Morphometric analyses were made on a terminal portion of the left tibial nerve of about 0.5 cm long from just proximal to the branching the lateral and medial plantar nerve. A portion of the sciatic nerve of about 1.5 cm in length from the midthigh region was also examined. These tissues were prefixed in 2% glutaraldehyde solution for 2 h, fixed in 1% osmium tetraoxide solution for 2 h, dehydrated and embedded in epoxy resin. Nerve bundles were embedded and two transverse and one longitudinal section were obtained. For microscopic examination a whole transverse section of a nerve bundle of 1-gin thickness was stained with toluidine blue. The same procedures for tissue sampling and processing were used for electron microscopic examination. Samples of teased nerve fibers from the right sciatic and radial nerve of two representative diabetic and nondiabetic rats at each age, were fixed in 10% phosphate-buffered neutral formalin for 24 h, immersed in 2% osmium tetraoxide solution overnight, and then immersed in 70% glycerin. Single fibers were isolated with dissecting needles under a stereoscopic microscope in the glycerin solution. About 50 to 100 nerve fibers teased out of each nerve were examined. the region of the great trochanter and the ankle and the distance between the incisions was measured. Bipolar stimulating electrodes were placed on the nerve through the incisions. Bipolar recording electrodes were inserted into the muscle of the interossei or lumbricalis per-cutaneously. The muscle potentials and conduction velocity were recorded with an electromyogram MEB-3102 (Nihonkohden Japan). The room and the pad under test animals were kept at 24~ during the measurement.
Results
Morphology of teased fibers
In teased nerve fibers of diabetic animals, focal swelling of myelin sheath was the most frequent change observed. In mildly affected fibers, swelling of the myelin sheath was restricted to a segment between the nodes of Ranvier. The structure of the incisure of S c h m i d t -L a n t e r m a n was lost in various degrees a n d n u m b e r s in affected fibers a n d the degree of the swelling of the myelin sheath varied in different incisures in a single node. In these areas affected fibers had a beaded a p p e a r a n c e (Fig. 1 B) . Focal f r a g m e n t a t i o n characterized by osmiophilic myelin debris a n d further disappearance of the myelin sheath (demyelination) were seen in severely affected fibers (Fig. 1 C) . Remyelinated fibers were partly covered by a t h i n n e r myelin sheath t h a n the adjacent n o r m a l area. A x o n s seemed to be intact in m o s t beaded myelin sheaths b u t showed occasional irregular constrictions or swellings associated with severe destruction or loss of the myelin sheath. Similar b u t less m a r k e d m o r p h o l o g i c a l changes were seen at lower incidence in n o n d i a b e t i c rats of over 24 m o n t h s of age.
Morphometry
The 92 blocks obtained from 46 animals were each assigned a code number to allow blind morphometric analyses. The total number of myelinated nerve fibers and the surface area per whole transverse section of the nerve bundle were measured in a x 350-400 magnified photograph (full size prints 25 x 30 cm) using a system for morphometric analysis (Videoplan: Zeiss, FRG).
For quantitative electron microscopy, approximately 500 myelinated nerve fibers per case were examined in randomly selected fields.
Numbers of nerve fibers with abnormal histological or electron microscopical changes per 1000 myelinated fiber are shown in the tables. Student's unpaired "t" test was used for statistical analysis of the findings.
Conduction velocity
Animals were lightly anesthetized with ether through an inhalation mask. The right sciatic nerve was exposed by incisions in " Animals with relatively low blood-sugar level (< 200 mg/100 ml) * P < 0.05 compared with the Value of age-matched nondiabetic rats ** P < 0.01 compared with the value of age-matched nondiabetie rats + P < 0.05 compared with the value of nondiabetie rats at 16 months + + P < 0.01 compared with the value of nondiabetic rats at 16 months
Light microscopy
The changes of motor nerve fibers in diabetic rats seen by light microscopy were myelin blebbing or distention, denudation of axons resulting from complete loss of the myelin sheath, early remyelination, glycogen accumulation in axons and axon sprouting suggesting regeneration after their destruction as in Waller• degeneration (Fig. 2) . Table 1 shows the frequency of these changes in the terminal tibial nerves of diabetic and nondiabetic rats of various ages. These changes were more frequent in older animals. In particular, the incidence of myelin blebbing or distention gradually increased with advance of age in nondiabetic rats and was significantly more (P < 0.01) at 24 months of age or more than at 16 months of age. The incidences of these lesions in diabetic rats were higher than those in age-matched nondiabetic rats, except in diabetic males with low blood-sugar levels, of over 28 months of age. At 20 months denudation or remyelination and glycogen accumulation in axons were also more frequent in diabetic rats than in controls. However, these changes were decreased at 24 months.
Electron microscopy
Electron microscopic findings essentially corresponded with those of light microscopy. Numerous vesicles surrounded by single myelin lamellae were seen in the space formed in the periaxonal area or within the myelin sheath, corresponding to the blebs seen by light microscopy (Fig. 3) . In less severely affected myelinated fibers, only a few vesicles were observed in a disordered lamellar pattern and other parts remained intact. These early changes in the myelin sheath were often associated with loosening of the myelin lamellae occupied by intralamellar granular material. The lamellar structure was often lost with accumulation of larger amounts of granular material and round vesicles. These vesicles contained amorphous floccular or amorphous material of moderate electron density (Fig. 4) . Macrophages containing much myelin debris invaded the intramyelin space in severely degraded fibers. Schwann cells surrounding broken myelin sheaths were rather conspicuous and suggestive of a hypertrophic reaction, and various amounts of lipid inclusions were observed in their cytoplasm. " Animals with relatively low blood-sugar level (< 200 rag/100 ml) * P < 0.05 compared with the value of age-matched nondiabetic rats ** P < 0.01 compared with the vatue of age-matched nondiabetic rats + P < 0.05 compared with the value of nondiabetic rats at 16 months + + P < 0.01 compared with the value ofnondiabetic rats at 16 months Complete denudation of axons was rare, even in completely demyelinated fibers, because almost all the denuded axons were surrounded by cytoplasmic processes of Schwann cells. Thinly myelinated axons were often surrounded by slender, concentrically arranged processes of Schwann cells, corresponding to the onion bulb structures seen by light microscopy (Fig. 5) . Sprouting was also observed as clusters of several thin nerve fibers. Some of these nerve fibers were directly covered by Schwann cell processes, but in other clusters each fiber appeared to be incompletely remyelinated.
The ultrastructural changes of axons in diabetic and nondiabetic rats consisted of glycogen accumulation, dystrophy, honeycombing and sprouting. The dystrophic changes in axons were of four types: Wallerian degeneration, formation of a tubulo-vesicular network, Lafora-bodies and vacuolation.
Of the ultrastructural changes of nerve fibers, the incidences of vesicle formation in the myelin sheath, denudation of axons, lipid inclusion in Schwann cells, glycogen accumulation and dystrophic change of axons were generally higher in aged rats (Tables 2 and  3 ). Increase in vesicle formation was age dependent in nondiabetic animals. The incidence of vesicle formation in the myelin sheath of diabetic rats was consistently higher than that in age-matched nondiabetic animals of 16 to 24 months of age. However, the highest incidence of this change was observed in nondiabetic rats of over 28 months of age. Glycogen accumulation in the axon also increased almost age dependently in nondiabetic animals and was not significantly different in diabetic and age-matched nondiabetic rats. The incidence of dystrophic change of axons was highest in nondiabetic rats of 24 months of age (Table 4) , being less in animals of over 28 months of age, and there was no significant difference between its incidences in diabetic and age-matched nondiabetic rats. N o significant differences were found between diabetic and age-matched nondiabetic rats in any other ultrastructural changes. Table 5 shows data on t h e mean nerve fiber populations in the terminal tibial nerves of diabetic and nondiabetic rats of various ages. The mean numbers of myelinated fibers per m m 2 of fascicle was 11 503 +_ 751 in nondiabetic rats at 16 months of age. The number of myelinated fibers decreased age dependently in the nondiabetic rats and was significantly different (P < 0.05) at 24 months and over 28 months of age from that at 16 months. In the diabetic animals, the mean number of myelinated fibers also showed a decrease with age except in animals of 24 months of age. The nerve fiber population in diabetic rats was constantly and significantly lower than that in agematched nondiabetic rats except in this age group. The most severe loss of myelinated nerve fibers was seen in diabetic animals with high blood-sugar levels of over 28 months of age. The mean number of nerve fibers in this group was 3798 _+ 589, which was a quarter of the value in nondiabetic rats of 16 months of age. Animals with relatively low blood-sugar level (< 200 rag/100 ml) * P < 0.05 compared with the value of age-matched nondiabetic rats ** P < 0.01 compared with the value of age-matched nondiabetic rats + P < 0.05 compared with the value of nondiabetic rats at 16 months + + P < 0.01 compared with the value of nondiabetic rats at 16 months a Animals with relatively low blood-sugar level (< 200 rag/100 ml)
Nerve fiber population
The a m o u n t o f e n d o n e u r a l collagen fibers increased a l m o s t inversely with the degree o f nerve fiber loss.
Conduction velocity
The c o n d u c t i o n velocity in female W B N / K o b (nondiabetic) rats was a l m o s t c o n s t a n t f r o m 3 to 20 m o n t h s o f age, but a p p a r e n t l y decreased at over 28 m o n t h s of age (Table 6 ). In the diabetic rats, the value was c o m p a r a b l e and c o n s t a n t from 3 to 10 m o n t h s of age and slightly less at 15 m o n t h s , a l t h o u g h the value at 15 m o n t h s (51.9 +_ 4.86) was not significantly different from t h a t at 3 m o n t h s (55.9 + 2.43). The c o n d u c t i o n velocity o f diabetic rats o f 20 m o n t h s o f age was significantly lower (P < 0.01) t h a n that o f a g e -m a t c h e d n o n d i a b e t i c rats and t h a t o f diabetic rats of 3 m o n t h s of age. The value for diabetic animals of over 28 m o n t h s o f age was also significantly lower t h a n that o f 4977_+ 679" (7) " Animals with relatively low blood-sugar level (< 200 rag/ 100 ml) * P < 0.05 compared with the value of age-matched nondiabetic rats ** P < 0.01 compared with the value of age-matched nondiabetic rats + P < 0.05 compared with the value of nondiabetic rats at 16 months + + P < 0.01 compared with the value of nondiabetic rats at 16 months * P < 0.05 compared with the value of age-matched nondiabetic rats ** P < 0.01 compared with the value of age-matched nondiabetic rats + P < 0.05 compared with the value of nondiabetic rats at 16 months + + P < 0.01 compared with the value of nondiabetic rats at 16 months diabetic rats of 3 months of age, but not significantly different from that of age-matched nondiabetic rats, because the latter was also low.
Discussion
The most c o m m o n lesions in motor nerves of autopsy cases of diabetes mellitus are reported to be demyelination, remyelination, loss of axons, Schwann cell proliferation and endoneural fibrosis [7, 36] . Some studies on teased fibers have indicated that the principal lesions in diabetic motor neuropathy are segmental demyelination and subsequent remyelination [5, 32] . Axonal loss or axonal degeneration has also been observed in diabetic patients [6, 32] . Dyck et al. [6] found that demyelination predominated in untreated human diabetics and degeneration in treated diabetics with longstanding neuropathy and considered that there is a possible primary derangement of Schwann cells. On the other hand, axonopathy, such as dwindling or dystrophy of axons have been considered to be primary changes in rodents with experimentally induced or spontaneous diabetes [2/, 22, 38] . The pathogenetic relation between myelinopathy and axonopathy remains unclear, because dystrophic axonopathy is more frequent in autonomic unmyelinated fibers [24] [25] [26] .
In the present study, the morphological characteristics of teased fibers demonstrated that the motor neuropathy in our rats was similar to segmental demyelination in human cases [5, 32] . The focal swelling or bubble formation seen in the myelin sheath of teased fibers seemed to be an early change. This change was also seen in nondiabetic rats, but much less frequently than in diabetic animals. The earliest change of the myelin sheath detectable by electron microscopy was vesicle formation in the granular material in the interlamellar space. Sima and coworkers described early structural change of the myelin sheath in regions of contact with the axon, and considered that the abnormal Schwann cell-axon network giving a "honeycomb" appearance might subsequently lead to axonal atrophy [28, 30] . In contrast to the change of the Schwann cell-axon network, the vesicle formation and accumulation of granular materials suggested that myelinopathy was caused entirely by a defect in preservation of Schwann cell processes.
The decreased nerve fiber population in diabetic rats suggested that degenerative nerve fibers including axons were destroyed completely and replaced by collagen fibers in the final stage. The coexistence of Wallerian degeneration and sprouting indicative of axonal destruction and regeneration suggests that neuronal loss involves complex processes. These changes were not, however, specific to diabetic animals, age-dependent decrease in the nerve fiber population also being observed in nondiabetic animals.
There are many reports of decreased conduction velocity in motor neurons of rats with spontaneous or experimental diabetes. The morphological basis for the decreased conduction velocity is still uncertain [29] , but axonal changes, such as dwindling, swelling or metabolic dysfunction are suggested to be responsible for this functional change [8, 9, 31] . Carroll et al. [4] could not identify any biochemical abnormality responsible for these metabolic disturbances in rats with experimentally induced diabetes. Moreover, in the present study we could not determine which kind of lesion was responsible for the decrease in conduction velocity.
In addition to the wide variety of age-dependent morphological changes in peripheral nerves o f diabetic and aged rats [1, 27] , the frequent occurrences o f spontaneous radiculoneuropathy [18, 19] , axonal degeneration o f the "dying back" type [35] and pressure neuropathy due to housing in wire-mesh cages [34] might complicate the morphological features o f peripheral neuropathy in aged rats. Furthermore, similar lesions such as swelling and destruction o f the myelin sheath have been observed in the peripheral m o t o r nerves of h u m a n s and animals with various types o f neuropathy, such as inherited neuropathy o f Boxer dogs [10] , paraneoplastic neuropathy [3] , toxic n e u r o p a t h y due to various chemicals [2, 15, 16] and uremic neuropathy [33] . In aged rats, spontaneous tumors and the uremic condition associated with spontaneous nephritis are very c o m m o n and m a n y animals are housed in wiremesh cages. These factors could influence the m o r p h ological features and pathogenesis o f age-dependent n e u r o p a t h y in rats. Thus, we consider that the morphological manifestations o f neuropathy in younger rats with diabetes might be caused by underlying metabolic disturbances in the processes o f Schwann cells, and that these changes can also be induced by aging and by various other disorders.
